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A 10.>PERCENT+ICK AIRFOIL
WITHAREA SUCTION

By RobertE. DannenbergandJamesA. Weiberg

SUMMARY

An investigationhasbeenrmdeat low speedof thetwo+imensional
characteristicsof a 10.51—percent—thicksymmetricalairfoilwitharea
suctionforboundary-layercontrolnearthe leadingedge. The liftand
suction—flowcharacteristicsweredeterminedwithdifferentporous sur—
facesconsistingof perforatedplatesand sinteredsteelforvarious
suctionvelocitydistributionsobtainedby varyingthepermeability
arrangement.Theflowrequirementswereascertainedovera rangeof
free–streamvelocities.

h
Themaximumsectionlif’tcoefficientwas increasedfrom1.3to

approximately1.8by meansof areasuctionfrom0.3-to S.O-percentchord.
a For theairfoilinvestigated,a liftcoefficientof 1.7was attainedwith

a minimumsectionflowcoefficientof O.000~ at a free-str8amvelocity
of 1.62feetper secondwitha permeabilityarrangementwhichgavea
suctionvelocityat thetrailingedgeof the suctionareaequalto 2 per—
centof thelocalvelocitywithno outflowat theleadingedge.

Themaximumliftcoefficientandtheminimumsuctio~quantityfora
givenliftwereindependentof the 6urfaceof thematerialstested
(ticludingfilterpaper,NACATN ,28.47).me rn~imumflowcoerf’fcient
requiredfora givenincreasein liftvariedwithfree-streamvelocity;
theamountdependedon the chordwisedistributionof theporousmaterial.

INTRODUCTION

Themaximumliftof moderatelythickwingsections(9to 12 percent
of the chord)is generallylimitedby separationof the flownearthe
wingleadingedge. It hasbeendemonstratedthatleading-edgeflowsepa-

* rationmaybe preventedwithboundary-layercontrolby meansof suction
throughsuitableslotsor througha porousareaat theleadingedgeof
thewing.

●
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An investigationof the lattermethodis reportedinreference1.
The airfoilhada 10.51–percent--thicksymmetricalsection.Themaximum
liftofthisairfoil,withoutboundar~layercontrol,was limitedby
leading-edgetypeof Stall. Boundary-layersuctionthrougha porous
regionin theuppersinn?aceneartheleadingedgeprovedto be effective
in delalyingseparationof flowfromtheleadingedgeand in postponing
thestalltohigheranglesofattack.Thestalloftheairfoilwith
suctionappesredtoresultfromseparationoftheturbulentboundarylayer
fromthetrailingedge. Filterpaperbackedby a metalscreenwasused
as theporousmaterial.

Inorderto ascertain:(1)theeffectof surfacesofdifferent
textures,(2)theeffectofvariationsof chordwise.dis,tributionof suc–
tionvelocity,and (3)theeffectoffreestreamvelocityonmaximumlift
andon theminimumsuctionquantityfora givenlift,a second
investigation– thesubjectofthisreport– wasmade. The10.51-percent-
thicksymmetricalairfoilofreference1 wasmodifiedto accommodate
detachableperforatedmetalplatesandsintered-steelnosesections.The “
testsincludedmeasurementsofthesurfacepressuredistributions,profile
drag,suctionflow,andtheboundarylayer.Theinvestigationwascon=
ductedinoneoftheAmes7–by 10-footwindtunneb.

?NYIW121011

c airfoilchord,ft

c~ sectio~profiledragcoefficient,2 asdeterminedfromwakeqoc‘
surveys

cl Lsectionliftcoefficient,—qoc‘ as determinedfromintegrationofthe

chordwisedistributionsofpressure

% sectionpitchhg+mmentcoefficientreferredto thequarte~hord
Mpoint,~, as determinedfromintegrationofthechordwisedis-

qoc
tributionofpressure

~vds
CQ sectionflowcoefficient,—

(Thelimitsofintegrati~n”~etheforaostandreamostchordwise
pointsof sreasuction.)

Cw suctionpowercoefficient(ref.1),

&(&)Qw9F- q
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dragper Unit SPm, lb

boundary-laye%shapeparsmeter$

total-~essureloss,in.ofwater

liftper

pitching
lb-ft

pressure

unit Sp=, lb

mment perunitspan,referredtothe

P-POcoefficient,~

quarter+hord

’40

staticpresswe,lb/sqft

volumerateofflowperunitspan,cuft/sec

free-streamdynamicpressure,&oUo2,lb/sqft

distancealongairfoilsurface,ft

localvelocityoutsideboundarylayer,fps

free-stresmvelocity,fps

localvelocitywithinboundary

suctionairvelocitynormalto

layer,fps

outersurfaceoftheairfoil,

point,

fps

distancefromairfoil
ft

distancefromairfoil

angleofattack,deg

leadingedgemeasuredparallelto chordline,

measurednormalto surface,ft

ratioofspecificheatsforair,takenas 1.4

totalboundary-layerthickness,ft

boundary-layer

boundary-layer

displacementthickness,[J’(+Y]9ft

momentumthic~ess,[~’~(l -~)dy], f.

————. -–
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indexofresistivitydefinedasthetotal-pressuredifferencein
inchesofwater-rqtied to inducea suctionairvelocityof 1 fps
througha porousmaterialofa giventhiclmess

massdensityofair,slugs/cuft

Subscripts

localexternalpoint

fre=treamconditions

conditionsinsuctionduct

uncorrected

0.6
2.9

1

station,percentchord
s.0

MODELAIIOAPPAM!I’US

Model

A 4.>foot-chord,two-dimensionalmodelwas
.

usedforthisinvestim-
t ionandis showninfigure1. Coordinatesofthis10.51-percen+thic=
symmetricalsectionaregivenintableI,togetherwitha sketchcomparing
theprofilewitha symmetricalWA &digitOHeries airfoilofequal
maxhumthickness.Flushorificesintheoutersurfaceofthemodelper-
mittedmeasurementofthepressuredistribution.

Theend-plateandslatarrangementshowninfigure1 wasusedto
mhhd.zetheeffectsofthetunnel-allboundarylayerandisdescribed
inreference1. Thespanbetweentheendplateswas5 feet.

Themodelcontainedan internalplenumchsmiberandductingforthe
porousnoseas describedinreference1. Thedetailsofthemodelcow
structionareshowninfigure2. Flushorificeswereusedtomeasurethe
internalstaticpressures.Thecross+ectionareaoftheplenumchamber
andductingwaslargeenoughtoreducethedynamicpressureoftheinduced
atitonegligiblevaluesandto insureuniforminternalpressuresacross
thespanofthemodel.,

TheWrous leading-edgeportionofthemodelws removableto facil-
itatemodelchanges.Thetiernalsurfaceoftheporousnosesectionscon-
sistedofa porousmetalsheet,spotweldedto l/16-inc&thickribsspaced
approximately4.6inches.Theexternalmetalsheetextendedfroma~roxi- -
mately7–percentchordontheuppersurfacearoundthenoseto approximately
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&percentchordonthelowersurface.Thedifferenttypesofexternal
surfacematerialsusedareshowninfigure3. Thesemhterialsare
describedintableII.

Material1 wasan electroplatedmetalscreen.Materials2, 3,and
4 wereperforatedmetalplates.Material5 wasa porous,sintered,
stainlesssteel.Themetalsurfaceswerebackedwitha permeablematerial
whichconsistedofa comercialgradeoffeltora combinationoffelt
andfilterpaper.Thefeltwasheldagainstthesurfacematerialby a
l&mesh,0.02>incHameterwireclothsupportedby l/8-incMameter
rodswhichpassedthroughthemetalribsasshowninfigure2. Forthe
feltandfilter-papercombinations,thefilterpaperwasinsertedbetween
thefeltandtheoutermetalsurface.

Withthedifferentoutersurfaces,severalarrangementsoffelt
thickessvariationandseveralcombinationsoffeltandfilterpaper
wereusedto obtainvarioussuctionvelocitydistributions.Thevarious
permeabilityarrangementstestedaredescribedintableIII. Thechord–
wisevariationsoftheindexofresistivityforthesearrangementsaregiven
intableIV. Theflowresistancesofseveraloftheporousmaterialsare
giveninfigure4. TheWta infigurel(a)forperforatedplatelwith
feltbackingaretypicalofalltheperforatedplateswithfeltbacking.

Thetestsweremadewithvariouschordwiseextentsofporousarea
obtainedby closingoffportionsoftheporoussurfacewitha nonporous
tapebetweenthefeltandtheoutermetalsurface.

Apparatus

Thesuctionpressurerequiredto induceflowthroughtheporousmate-
rialwasprovidedby a variabl~peedcompressorlocatedoutsidethewind
tunnel.Airwasdrawnthroughtheporousnoseintothehollowsparinthe
airfoilandthenthroughtheductingsystemtothecompressor.

Boundary-layermeasurementsweremadewitha smaKlpressurerake
attachedtothesurfaceofthemodel.Auralobservationsoftheboundary
layerweremadewitha stethoscope.A surveyrakeconnectedto an inte-
gratingmanometerwasusedtomeasurerakepressuresforthecalculation
ofwakedrag.

TESTMETHODS

Airflowthroughtheporousareaoftheairfoilwaainducedbymak
taininga pressureinsidethemodelthat,generally,waslessthanthe
externalpressure.Thesuctionairvelocityata givenchordwisestation
wascalculatedfromthemeasuredpressuredifferenceacrosstheporous
materialandfromtheknownflowresistanceoftheporousmaterials.The
flow-resistancecharacteristicsofthesurfacematerialswithvarious
arrangementsoffeltthicknessandoffeltandfilterpaperwere ascep
tainedexperimentallyby themethoddescribedinreference1. Thesection
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flowcoefficientscQ were calculatedfromintegrationofthesuction
velocitydistributions.

Previoustestsofthemodelwitha porousleadingedge,repxtedin
reference1,haveindicatedthatforanglesofattacknearthatformaxi—
mumlift(17 orgreater),

e= constant

Cz r
/

/’

thereisa valueof sectionflowcoefficient
CQ belowwhichthemodelstallsabruptly,
as indicatedintheadjacentsketch.For
loweranglesofattackthestallwasnotas
abrupt.me CQ at a givenangleofattack
forwhichthelargechangeinllftoccurswill
hereafterbe designatedastheStall point CQ.
Inorderto obtaincloseagreementbetweenthe
differentarrangementsitwasnecessaryto
ascertainthestallpointas accuratelyas pos-
sible.Themethodofascertainingthestall
pointwastomaintainconstantangleofattack
asthesectionflowcoefficientwasdecreased
fromthemaximumuntilthemodelstalled.To
determineiftheunstalledliftat a given
angleofattackcouldbe regainedafterthe cn

hadbeenreducedbelowitsst& petit,datawere obtai~edasthe c ~

%
was

increasedwithoutchangingtheangleofattack.Theresultsshowedt at
foranglesofattackatwhichanabruptlossinliftoccurredatthestall
point(a= l~”sndabove),themodelcouldnotbe unstalledoncethe c
hadbeenreducedbeluwthestall-mintvalueby increasingthe c %tgte
maximmobtainablewiththesuctionPP. 94Foranglesofattacko 1 and
below,themodelcouldbe unstalledby increasingthesuctionquantityto
thestall-pointvalue.Thestallpointswererepeatabletowithina CQ
of 0.0003(0.3--to 3-percentchordwiseextentof suction).

Thetestscovereda rangeoffreestreamvelocitiesfrom66(Mach
number0.05)to187feetpersecond(Machnumber0.17).Thecorresponding
Reynoldsnumbers,basedontheairfoilchord,were1.8to5.1million,
respectively.l~akedragdatawereobtatiedata Reynoldsnumiberof5.1
million.

Theliftwasevaluatedfrommeasurementsofa manometerwhichinte-
gratedthesurfacepressuredistribution.Theprofiledragwascalculated
fromwakepressuresmeasuredby a rakeon+ha~ chordlengthbehindthe
trailingedgeoftheairfoil.Momentswereevaluatedfrompressure
distributiondiagrams.

Tu.nnel=wallcorrectionshavenotbeenappliedtothedata.Theangle
correctionindegreesnormallyaddedtothesingleofattackforcorrecting
thedatato fre~airconditions,asdescribedinreference2, is0.384
timesthesectionliftcoefficient.

At thestartandduringtheinvestigationofeachpermeability
arrangement,calibrationsweremade(1)to checkthequantityflowrates-
particularlywitha taperedfeltbackingmaterial–and(2)todetermine
theeffectofdust,etc.,inthesuctionairontheflowresistanceof
thepermeablematerial.
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Theflowresistancesofthepermeablenosesectionsonthemodelwere
determinedfrommeasurementsmadewitha standardA.S.M.E.orificeinthe
suctionlinebetweenthemodelandthecompressor.At thestartofthe
tests,measurementsoftheflowratesthroughthepermeablenosesections
forthevariouspermeabilityarrangements,bothwithtunneloffandwith
airflowpastthemodel,showedagreementbetweenthevaluesmeasuredwith
theorificeandthevaluesobtainedfromtheintegratedsuctionvelocity
diagrams.

Thepermeabilityarrangementsconsistingoftheperforated-platenose
sectionsbackedwithfeltshowedno tendencyto clogoverlongperiodsof
operation.Forexsmple,permeabilityarrangementA wasinoperationover
100hours;arrangementB, 24hours;arrangementC, 1~ hours.Theacc~
mulationofdustfromthesuctionairdiningthetestingdiscoloredthe
feltsurfacenearesttheoutersurfacematerialbutthediscolorationdid
notpenetratemorethan1/16inchintothefelt.Flow-resistancecali-
brationsmadeatthestartandatthecompletionoftestingwereidentical.

Withthesintere&steelnosesection,a changeintheflowresistance
wasnotedafter22hoursofoperation.To determinethecloggingeffects,
thebackingmaterialwasremovedforeachcalibration.Thevariation
withtimeofoperationofthefluwresistanceofthesintere-teelnose
withoutbackingisshowninfigure~. Thedataindicateapproxtitely
2>percentreductioninsuctionvelocityata givenpressuredropfora
6&hourperiod.At theendofthisperiod,thenosesectionwasremoved
fromthemod&landa hig&pressureairflow(25psi)wasblownthrough
thenoseina reversedirectionforseveraltiutes. Inaddition,the
nosewaswashedwithgaseoustrichloridethylene.Thecleaningdidnot
appreciablychangetheflowresistance.Overthetotalperiodofope
ation,thesuctionvelocitiesfora givenpressuredropwerereduced
approximately50percent.

Thedatapresentedforthesinteretiteelnosesection(arrangements
K andL)wereobtainedinthefirst22hoursofoperation.Dataobtained
afterthistimehavenotbeenpresented,exceptforthecalibrationcurves
showninfigure5, ascloggingresultedina measurablechangeinthe
stallpoints.

RESUIIPSANDDISCUSSION

PlainAirfoil

Evaluationofareasuctimas a meansofboun~layer controlcan
be madeby comparisonoftheresultsfortheplainairfoilwiththosefor
theairfoilwithareasuction.Thelift,profil~ag, andpitchizqy
momentcoefficientsoftheplainairfoilfromreference1 me givenin
figure6. Thedatainfigure6 indicatethatthemaximumliftofthe
airfoilwaslimitedbyleading+dgestall(ref.3). Thistypeofstallis
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characterizedby abruptchangesinthe
littleornorounding+erofthelift
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liftandpitchingmoment,with
curvenearmaxhmmlift,whenthe

angleofattackformaximumliftisexceeded.Theincreaseinprofile
dragwithliftismoderateup tothestall.Thechordwisedistributions
ofpressureinfigure7 showan increaseinthepesknegativepressures
up tothestall,followedby anabruptcollapsewithredistributionof
thepressuresgivingtheflat-typepressur-stributioncharacteristic
of separatedflow.Thisredistributionofpressureafterthestall
resultsina rearward shiftinthecenterofpressureandtheabrupt
decreaseinpitchingmomentshowninfigure6.

AirfoilWithVariousChordwiseExtentsofAreaSuction
(Constsatllkee+treamVelocityof

The*t tionoftheoptimumchordwise
maximumlift deby usingtheairfoilwith

162fps)

extentofsuctionfor
thenoseporousfrom

3-percentchordonthelowersurfaceto>percentchordontheupper
surfaceandby progressivelyclos~ offvariousportionsoftheporous
surfacewitha nonporoustape.Theresultsforexternalsurfacematerial
1 (tableII)anduniformpermeabilityarrangementA (tableIII)areshown
infigure8 forsuctionflowcoefficientsabovethestall-pointvalue.

Tigure8 showsthatreducingthechordwiseextentofareasuction
to lessthanfrom0.3 to 3-percentchordresultedina decreaseinmaxi-
mumlift.Withsuctionovermorethanfrom0.3-to3-percentchord,the
valueofthems+mumliftwasnotchangedsignificantlybutthequantity
of suctionflowwasincreased,particularlyby theuseofsuctiononthe
low= surface.Similarresultswereshownbythedatapresentedin
reference1.

Reducingthechordwiseextentofareasuctionfromthemsximum
investigated(>percentihordlowerto >percen%horduppersurface),
forallpracticalproposes,didnotchangethemagnitudesofthesuction
velocitiesforthestallpoints.

Theopthumchordwiseextentof suctionformaximumliftwasdeter-
minedforothersurfacematerialsandpermeabilityarrangementsandalso
wasfoundto extendfrom0.3-to 3-percentchordontheuppersurface.
Therefore,theremainderofthedatapresentedfora freestreamvelocity
of 162feetpersecondarefortheairfoilwiththischordwiseopening.

Aswillbeshownlaterh thediscussion,theoptimumchordwise
openingvariedwithfre~treamvelocity.
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EffectofRrternalSurfaceandPermeabilityArrangement
(Conf3tantI!&e~treamVelocity)- -

Withthenoseporousfrom0.3-to 3percentchord,thesuctionflow
quantitytoobtaina givenliftwithvsrioussurfacematerialsandper-
meabilitysxrangementswasdetermined.Thepermeabilityarrangements
testedaregivenintableIII. PermeabilityarrangementsA andB hada
constantthicknessoffeltbackingmaterialovertheporousarea.For
arrangementsC,D,E, K, andL thethictiessofbackingmaterialincreased
fromtheleadingedgeofthesuctionareatothetrailingedge.These
arrangementsofbackingmaterialincombinationwiththevarioussurface
materialsresultedina smoothchor&isevariationofthesuctionveloc-
ities.ArrangementsF tbruughJ mre arrsmgementsA, B, andC, combined
withfilterpaperinsertedbetweenthefeltclothandtheoutermetal
surface.As thefilterpaperextendedaveronlytherearwardportionof
theporousarea,anabruptkrease intheresistivityoccurredwhere
thefilterpaperstartedandresultedinsteppedvariationsofthesuction
velocity.

Thevariablesinvolvedina discussionoftheresultsintermsof
externalaerodynamiccoefficientsaremmy. Theyincludem.n”facecondi-
tion,suctionvelocitydistribution,andfYee-streamvelocity.Thefirst
partofthediscussionisconcernedwiththeeffectsof surfacecondition
andsuctionvelocitydistributionat a givenfre~treamvelocity.Later
intheMscussiontheeffectsoftieestreamvelocityonthesevariables
areconsidered.

Liftcharacteristics.–Representativeliftandflowcharacteristics
ofthemodelwitha porousleadingedgeareshowninfigure9 forsuctio~
offandsucti=pplledco~tions. Dataarepresentedfortwosuctio~
offconditionsobtainedby (1)closingthesuctionairlinebetweenthe
modelandthesuctionpump- inthisconditionsomeairflowedthroughthe
porousarea,generallywithoutflowovertheforwardportionandinflow
overtherearwardporfjion,andby (2)sealingtheporoussurfacewitha
nonporowtapebetweentheporousmetalsurfaceandthefeltbacking-
theoutersurfaceoftheporousmaterialremainedunchanged.

Thedatainfigure9 areforthemodelwithsurfacematerial1 and
permeabilityarrangementC!(O.3-to >percentchordwiseextentofsuction).
Foranglesofattackof14°or less(C2 lessthanabout1=5)&se data
aretypicalofthedataforallsurfacemateri~ andpermeability
arrangementstested.Foranglesofattackgreaterthsn14°,thevaluea
oftheliftandofthestallpoint ~ werea functionoftheparticular
permeabilityarrangement,asshowninparts(a)and(b)ofthefigures
listedinthefollowingtable:

——. — .—. — — .-— ——— - — —
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Surfacematerial Permeability
?igure (tableII) (tableIII)

10 Perforatedplate1 and[2,3,41 A
U –do– 1 and[3] B
12 –ao- 1 and[2] c
13 –ao– 1 D
14 –a.o– 1 E
15 –do– 1 F
I-6 –do– 2and[lJ G
17 –do– 2 H
U3 –do- 2 1
19 –ao– 2 J
20 Sinteredsteel K
21 –ao– L

Datawerealsoobtainedwiththeoutersurfacematerialslistedinthe
bracketsintheabovetablebutarenotpresented.Thesedatawere,for
allpracticalpurposes,thesameasthosepresented.

A studyoftheliftcharacteristicsofthemodelinparts(a)of
figures10through21 indicatesthata maximumliftcoefficientfrom1.72
to 1.80wasattainedatanangleofattackof17. Theslightdifferences
inthevaluesofthemaximumliftcoefficientarenotconsideredsignif–
icantinregsrdto effectsdueto surface.mteria~orpermeabi~ty
arrangements.Theliftcoefficientof1.70obtainedatanangleof
attackof 170withpermeabilityarrangementJ (fig.19)appearedtobe
13mitedbythesuctionpoweravailable.

Thestall–pointsectionflowcoefficientandthemaximumliftcoef-
ficientoftheatifoilusedinthisinvestigation,forpracticalpurposes,
wereindependentoftheroughnessoftheexternalsurfacematerial;that
is,filterpaper,perforatedplate,or sinteredsteelgsveessentially
equalmaxhumlift.Themsximumliftwasindependentofthearrangement
ofthepermeability;however,thesectionfluwcoefficientnecesssryfor
ms.xhrumliftwasdependentonthesuctionvelocitydistribution.

Suctionvelocitytistribution.–Becauseitwasdifficultto obtain
consistentdataattheangleofattackformaximumliftcoefficientof
theairfoil(~ ~1~), theflowcharacteristicsarecomparedata lower
angleofattack.Thesuctionvelocitydistributionsforvarioussection
flowcoefficientsareshowninpart(c)offigures10through21 foran
angleofattackof 16°. !I!hevelocitydistributionfortheleastvalueof

representsthatforthestallpoint.Thecorrespondingvaluesof
~!en~hamber pressurecoefficientaretabulatedintableV. Themaxi-
mumvaluesof CQ foranglesofattackof 16°and17°showninpart(a)
offigures10through21 arethemaximmuvaluesobtainablewiththe
suctionpump.A comparisonofthestall–petitsuctionvelocitydistri–
butionforanangleofattackof@ forthevarioussmootbtypeperme-
abilityarrangementstestedisshowninfigure22. Thesectionflowand
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sectionliftcoefficientsandplenun+chamberpressurecoefficientsfor
thestallpointsaretabulatedinthefigure.Includedinfigure22 iS
thestall-pointsuctionvelocitydistributionforthearrangementwith
a filter-papersurface(configurationA ofref.1).

At thestallpointforarrangementsA andL, thesuctionvelocities
attheleadingedgeofthesuctionarea(x/c= 0.003)wereapproximately.
zero.Fortheotherpermeabilityarrangements(includhgarrangementL),
thesuctionvelocitiesat”thetrailingedgeofthesuctionarea
(x/c= 0.03)wereabout7 feetpersecond((v/U)~ao= 0.0170).Thus,it
appesrsthat,fortheairfoilinvestigated,theoptimumsmoot&typeperine-
abilityarrangementto obtainmaximumliftwithminimumsectionflow
coefficientatanangleofattackof 16°anda fiee+treamvelocityof
162feetpersecondisonedesignedfora suctionvelocityatthetrailing
edgeofthesuctionareaoftheorderof7 feetpersecondwithno”out-
flowattheleadingedgeofthesuctionarea.

Thevariationofthestall-pointsuctionvelocityatthetrailing
edgeofthesuctionareawithsectionliftcoefficientisshowninfigure
23 forsomeofthesmootktypepermeabilityarrangements.Dataforwhich
thestallpointwaslimitedby outflowneartheleadingedgewerenot
included.Forthearrang&mentsshowninfigure23,themaximumliftwas
attaipedwitha valueof suctionvelocityVa.o ofapproximately2 pm
centofthe,localvelocityoutsidetheboundarylayerat 3-percentchord.
Increasingthevalueof V3.0 to5 percentofthelocalvelocitydidnot
increasethe”maximumlift.AtmaximumliftthelocalMachnumberatthe
pointofminimrmpressure(x/c= 0.0028)waaapproximately0.70,while
at 3-percentchordtheMachnuniberwasapproximately0.39.

Infigure2h(a)arepresentedthesuctionvelocitydiagramsforthe
stallpointat anangleo“fattackof,16°forthevarioussteppeddistri–
butionsofpermeabilitytested.Dueto thehighflowresistanceofperme-
abilityarrangementsF toJ intherearportionsofthesuctionarea,
decreasingtheplen~haniberpressures~eatlyincreasedthesuction
velocitiesovertheleadingedgeofthesuctionareawithrelatively
slightincreaseinthesuctionvelocityovertherearportion(fig.24(b)).
Lowvaluesof CQ”atthestallpointat 16°angleofattackwereobtained
forsteppedarrangementsF andG; however,thelift-coefficientswere
lowerthanwiththesmootbtypepermeabilityarrangementsforwhich
resultsareshowninfigure22.

Externalpressuredistribution.–Typicalchordwisedistributionsof
ttiexternalpressurecoefficientsforthemodelwithsmooth-andstepped-
typepermeabilityarrangementsareshowninfigures25 and26,respe~
tively.Thedatainfigure25 areforperforatedplatelwithpermea-
bilityarrangementC, andthedatainfigure26areforperforatedplate
2 withpermeabilityarrangementJ. Thesedatame typicalforallthe
externalsurftiemateriabandpermeabilityarrangementsforsectionflow
coefficientsabovethestallpointata givenangleof attackbelowthat
formaximumlift. tifigure27,thevariationsofthepressurecoeffi-
cientat5.75-,20-,and-percent chordwithangleofattackforsection

——.. —.— —— —— — _—— —. .



12 NACA‘IN3093

flowcoefficientsabovethestallpointarepresentedforthemodelwith
variou9externalsurfacematerials.Nearmaximumlift,thepressure
coefficientsattheleadingedgedifferedby anamountdependentonthe
valueofthesectionliftcoefficient.

Boundary-layermeasurements.-Bo~layer measurementsat %
percentofthemodelchordforsurfacematerial5 (sinteredsteel)with
permeabilityarrange-tK arepresentedinfigure28intheformofthe
derivedbo~layer momentumthichess 19/candshapeparameterH.
Withsuction,theshapeparameterattainedavalueofapproximately2.4
at anangleofattackthatwasdependentonthevalueofthesuction
velocity.IncreasingthesuctionvelocityVe.o abovethestall-point
valueat anangleofattackof 16°(approxhtely7 fps)didnotalter
thevalueoftheshapeparameter.Thevaluesofthemomentumthickness
andoftheshapeparameterareshowninfigure29 forsuctionvelocities
(V3..)of5 and8 feetpersecondforthemodelwithsurfacematerials
consistingoffilterpaper(fromref.1),sinteredsteel(material5),
andperforatedplates1 and2. Valuesofthesectionflowcoefficient
fora suctionvelocity(V300) of8 feetpersecondandpermeabi~ty
arrangementsC,D,H, andL offigure29 canbe obtainedfrompart(c)
of figures12,13,17,and21,respectively.Comparisonofthesevalues
showsthattheboundary-layerparametersat%percent chordaremore
dependentonmaintaininga suctionvelocityabovethestall-pointvalue
(VS..)thanonthesuctionquantity.

Witha s~le total–pressuretube(0.026-in.diam.,0.00>in.wall
thiclmess)onthesurfaceofthemodelatthetrailingedgeofthesuc-
tionmea (0.03chord),theboundarylayercouldnotbe detectedfor
suctionvelocitiesabovethestall-pointvalueof v~ao forthemodel
withsinteredsteelandpermeabilityarrangementsK andL. As thebound+
arylayeratthetrailingedgeofthesuctionareawasextremelythin,
theboun~layer parametersat -percent chordwereprimarilya func-
tionofthepressuregradientandsurfacefromthetrailingedgeofthe
suctionareatothetrailingedgeoftheairfoil.Thismayexplatithe
factthatincreasingsuctionvelocitiesabovethecriticaldidnot
increasetheliftfora givenangleofattacknordidit increasethe
mpxhmmllift.As thesuctionvelocitieswerereducedbelowthestall-
pointvalues,thetotal–pressuretubeindicateda measurableboundary
layerat 0.03chord,andstethoscopicobsewationsindicatedthatthe
boundarylayerwasturbulent.

Profil+dragchsracteristics.–Theprofil+dr~measurementswere
madeata freestreamvelocityof187feetpersecond.Theprofile-drag
characteristicsof themodelwiththevarioussuctio&areamaterialsare
showninfigure30(a)forthesuctio~ffconditionwiththeporoussur-
facesealed(describedlmderI&f-tCharacteristics).Thedataindicated
thattheadditionoftheporoussmfaceresultedinan increaseinthe
profiledraganda decreaseinthemaximumsectionliftcoefficienttiom
1.30to approximately1.15.TheProfil-ag characteristicsofthe
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modelwithsinteredsteelandpermeabilityarrangementK areshownin
figure30(b)forthesuctio~ffandsuctiomppliedconditions.

Thedragcharacteristicsofthemodelwithsuction,asa function
ofthesectionflowcoefficient,areshowninfigure31fora metal+nesh
andsintered-steelsurfacematerial.SWlar resultswereshownin
reference1, (fig.15(b))withtheporoussurfaceconsistingoffilter
paper.A comparisonoftheprofiledragcharacteristicsofthemodelwith
suctionfora metalmesh,sintere-teel,andfilter-papersurfacematerial
ispresentedinfigure32. Thedataindicatethatthesuctionvelocity
V3.0 necessarytomaintaintheprofiledragata lowvaluewasesse&
tiallyindependentofthetypeofsmfacetested.

EffectofRre+StreamVelocity

Flowcharacteristics.-Theforegoingdiscussionoftheliftand
flowcharacteristicshasbeenlimitedtothedataobtainedfora free-
streamvelocityof 162feetpersecond.Datawerealsoobtainedtodeter-
minetheeffectsofvaryingthefree-streamvelocityfrom66to 187feet
persecondonthestall-pointsuctionvelocitydistributionatanamgle
ofattackof 16°. Theresultsarepresentedinfigure33forvarious
surfacematerialsandpermeabilityarrangements.

Withdecreasingfre~treamvelocity,thestall-pointsuctionveloc-
itiesand,hence,thepressuredifferencesthroughtheporousmaterial
decreased.Theflow+esistancecharacteristicsofthepermeablematerials
(fig.4)weresuchthat,fortheselowpressuredifferences,thestall–
pointsuctionvelocitydistributionsforthevariouspermeabilityarrange
mentsapproachedthesamegeneralshape(fig.33).

Forlowvaluesoffree+treamvelocitysomeoutflowoccurredina
regionneartheleadingedgeofthesuctionarea(fig.33)evenfor
suctionflowcoefficientsgreaterthanthatrequiredatthestalIpoint.
Itwasfoundthat,fortheselowvaluesoffieestreamvelocity,thechord-
wiseextentoftheopeningcouldbe reducedfromthenormal0.3 to 3-
percentchordto includeonlytheareaoverwhichinflowoccurredwithout
affectingtheliftcharacteristics.Thisreductionofthechordwise
extentoftheopeningdidnotchangethemagnitudesofthesuctionveloc-
itiesforthestallpoints.

Stall-pointsectionflowcoefficientsforthearrangementsgiven
infigure33wereevaluatedbyinte~ationofthesuctionvelocityover
thechordwiseextentoftheinflow.Thestall-pointc

%h
increasedwith

increas~ free+tresmvelocityasshowninfigure34. e modelwith
permeabilityarrangementL showedtheleastvariationofstall-pointCQ
withtree-streamvelocity.ArrangementL resultsinthemidmumvalues
of stall–petitCQ forthearrangementstestedforfre~streamvelocities

——._.— —— -———.- ——.———— .— —
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greaterthan130feetpersecond.Below130feetpersecond,arrangement
D gavethemin~mumvalueofstall–pointCQ.

Thevariationwithfree-stream
pointsuctionvelocitytothelocal
suctionmea (~ = 16°)isshownin
increaseinthestall-pointsuction
thefree-streamvelocity.Thefact

velocityof theratioofthestall–
velocityatthetrailingedgeofthe
figure35. Thesedataindicatean
velocityv~.o withan increasein
thattheratioofthestall-point

suctionvelocitiestothefree-streamvelocityand,hence,c v=ied
withfre~treamvelocityindicatesthat c ,

?
in itself,isRota complete

aerodynamiccoefficientforexpressingsuetonrequirementsinboundsry-
laye=ontrolapplicationsimvolvingareasuctionattheleadingedgeof
an airfoil.OvertheReynoldsnumiberrangeofthetests(1,8c0,000to
5,100,0~)thestall–mintsuctionvelocityv~.o neededtoprevent
flowseparationa~esredtobe proportionalto Uon with n somewhat
greaterthsm2.

Suctio*powerconsiderationsatanangleofattackof 160.–The
suctionpowercorrespondingto thestall–pointsuctionvelocitydistri-
butionsinfigure33 intermsofhorsepowerperfootofspanwerecon&
putedfromtherelation:

~=%qouoc
550 (1)

where

[ ()
~ =-c#= 1-0.6429 ~ +0.~98(~)2- 0.4@3(~)”] (2)

Thederivationofthesuctio~powercoefficient~ isgiveninrefer-
ence1. Theresultsofthepowercalculationsarepresentedinfigure36.
Forfre~treemvelocitiesup to approximately130feetpersecond,the
suctionpowerswerelessthan0.5horsepowerperfootofspan.

Fortiee-streamvelocitiesfrom130to 187feetpersecond,the
suctionpowerforallarrangementsincreasedata ratedependentuponthe
permeabilityarrangement,withtherateof increasebeinggreaterthan
the Uos whichwouldbe indicatedfromequation(1)if ~ wereconstant.
Thelowestsuctionpowersaswellastheleastchangeofpowerwithfree
streamvelocitywereobtainedforarrangementL. Withthisarrangement,
thesuctionpowerwasapproximatelyproportionalto Uoe (seelogarithmic
plottifig.36). WitharrangementsA andK thepoweralsoincreased
approxhmtelyinproportionto Uoe,whilewitharrangementsJ andD it
increasedmorerapidly.

Severalfactorscontributedtotherapidincreaseofsuctionpower
withincreasingfree-streamvelocity:

(1) Thestall-pointsuctionvelocityratioatthetrailingedge
ofthesuctionarea(v/U)a.onecessarytopreventflowseparationincreased
withfre~treamvelocity.
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(2) Becauseof (1),theplenu&chaderpressurecoefficients
increased.Thisincrease,forthearrangementstested,wasapproximately
inproportionto Uo.

(3) mcaue of (1)and(2),thesuctionvelocitiesovertheforw=d
portionoftheporousmea increased,resultinginan increasein c .

?Themsgnitudeofthevariationof q wasdependentonthepermeabiity
arrangement.

CONCLUDINGFWMARKS

Themaximumliftcoefficientofthesymmetrical10.51-percent-thick
airfoilwasincreasedfrw1.3 to approximately1.8bymeansofsrea
suctionfrom0.3 to 3-percentchord.Themaximumliftwithsuction
appearedtobe limitedby turbulentseparationfromthetrailingedge
oftheairfoilandwasIndependentofthesurfaceoftheporousmaterial
(perforatedplate,.sinteredsteel,orfilterpaper).

Themaximumliftcoefficientandtheminimumsuctionquantityfora
givenliftwereindependentoftheroughnessofthedifferentsurface
materials.Fortheairfoilinvestigatedtoobtaina liftcoefficientof
1.7withminimumsectionflowcoefficientata fre=treamvelocityUo
of 162feetpersecondrequireda suctionvelocityatthetrail~ edge
ofthesuctionareaoftheorderof2 percentofthelocalvelocitywith
no outflowattheleadingedgeofthesuctionarea.Forthepermeability
arrangementgivingthisvelocitydistribution,theminimumsectionflow
coefficientwas0.00118.Thesuctionvelocityatthetrailingedgeof
thesuctionareaneededtopreventflowseparationat ansngleofattack
of 16°appearedtobe proportionalto Uon with n somewhatgreater
than2.

Thesuctionquantityandpowerfora givenliftwerefoundtovary
withfie~treamvelocity.Themagnitudeofthevsriationdependedonthe
permeabilityarrangement.Thesuctionhorsepowerrequiredfora lift
coefficientof 1.7wasproportionalto Uon where n wasapproxtiately
6 or greaterforthedifferentpermeabilityarrangementstested.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif,,Sept.18,1953

—.———.. —.— —.—
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TABIJIlI.-SYMMETRICALAIRFOILUSEDINTEEINVESTIGATION

[Percentairfoilchord]
.

(a)Coordinates

station
o
●5
.75
1.25
2.5

;.5
10
15
20
25
30
35

Ordinate
o
1.08
1.31
1.64
2.21
2.94
3*433
3.807
4.352
4.724
4.995
5.166
5.255

L.n.L-UULUS:L.3u4

Station
40
45
50

65
70

85
90
95
100

Ordinate
5.253
5.164
4.994
4.733
4.401
3.982
3048i
2●910
2.329
1.747
1.166
.583
0

(b)ComparisonwithNACA0010.51airfoil

— .—— NACA 0010.51

_—
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TABLEII.–CHARACTERISTICSOFTHEMATERIAISUSED
IN!IHEPOROUSLEADINGEIX2E

Material Refer-‘~~
!TO. description ~nce thick- T

ness,
in.

Perforatedplates
Hole Holes percent
size,per
in. Sq in. open

1 65co~t 0.005 4,225 10.5 4 0.cx160.018

2 No.00straight.020 952 30.0 5 .016 .006

3 NO.4 straight.050 169 33.0 5 .016 .004

4 No.l/20stag–
gered .050 57 11.2 5 .016 .019

Sinteredsteel

5 GradeE 6 0.032
I
0.33

Felt

Color lb/yd

6 White 8.4 7 0.50 10●20

Filterpaper(ref.1)

7 Grade954,singlesheet 8 0.00657.00

!3Grade952,singlesheet 8 .007 18.00
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._ TABIEIII.-PERMEABIIJTYARRANGEMENTSTESTED

PermeabilityFeltthickness,in.,atpercentx~cof– Surface
material

arrangement 0.28 I 0.60 I 1.17 I 2.92 tableII
Feltdistributionsusedwithperforatedplates

A 0.150 0.150 0.150 0.150 1,2,3,4
B .508 .508 .508 .508 1,3

c .I-25 .1.25 .250 .370 1,2
D .062 .062 .210 .5(XI 1
E .035 .055 .140 .5W 1t

Filterpaperandfeltarrangementsusedwithperforatedplates

F ArrangementB (above)withmaterial8 1
(tableII)from1–to 3-percentchor~

G ArrangementA withmaterial8 froml– 1,2
to 3-percentchord

H ArrangementA withmaterial7 froml.– 2
to 3-percentchord

I ArrangementA withmaterial8 from2- 2
to 3-percentchord

J ArrsmgementC withmaterial7 from1.> 2
to 3-percentchord

Feltdistributionsusedwithsinteredsteel

K 0.062 0.106 0.202 0.317 5
L .062 .134 .215 .215 5

ConfigurationA ofreference1

M I Singlesheetofmaterial7 (tableII) 7

.— —-- _. -—.
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TABLEIv.-INDEXOl?WISTIV3T!tD18TRIBUTIOlWFOR

?ermea%ility
Arrangement

A

B

c

D

E

F

G

H

I

J

K

L

M

Ixdexofresistivity,7, at percentde of-
0.28
3.50

12.oo

3.00

1.52

.83

12.oo

3.50

3.50

3.50

3.00

1.60

1.60

7.00

. .

0.60
3.50

lz?.oo

3.00

1.52

1.32

12.oo

3.50

3.50

3.50

3.00

2.50

3.3-0

7.00

1.17

3.50

12.oo

6.00

5.1o

3.35

37.cQ

26.50

10.20

3.50

6.00

4.50

4.80

7.00

2.92

3.50

12.oo

8.9o

12.oo

12.cil

37.(M

26.50

1o.20

26.50

15.00

7.1o

4.80

7.00

M3ainst x/c,
percent

o a

01 3

I

01 s

o 2a

o 1.5 s
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‘I!A13mv.–~ER PNZSSURECOIZFFICllINTS

Figure

10

11

E

13

14

15

16

17

I-8

19

20

21

Surface
material

1

1

1

1

1

1

2

2

2

2

5

5

[% = I-6°1

Permeability
arrangement

A

B

c

D

E

F

G

H

I

J

K

L

CQ
0.00342
.00282
.00241
.00206
.00I-66
.00138
.00108
.00286
.00245
.(x)182
.00139
.00361
.W279
.0021.1
.c0384
.00302
.00264
.00138
.00092
.00043
.00147
.00096
.00059
.00201
.00148
.00115
.00263
.c@9
.00144
.00223
.oo164
.ooIJ_8
.m261
.Oomz!
.00181
.00141
.00251
.00209
.(X)148
.O(x)go

-25.5
-22.6
-20.7
-19.7
-33.2
-29.0
-24.7
-30.4
-28.1
–23.7
–20.8
–30.4
-27.6
-24.8
-27.1
-24.7
-23.3
-36.9
-28.6
-20.7
-29.2
–23.5
-19.6
-28.6
-24.1
-21.2
-28.7
-23.4
–20.4
-30.7
–25.9
=21.7
-31.0
-26.4
–23.9
-19.7
T30.2
-26.3
-21.2
–17.7

21

——.—— —.. — .—. .. —--——— —--———————--- -.—
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-- .-.
-~

—-.’ L.
.

Figurel.–The10.51-percentithicksymmetricalairfoilwitha porous
leadingedge.

.——. ..— — —= - —— ——. .—— ——. -—— —
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t?)%c~~onfhfough the model.

(b) Typical arrangementof Me permeable material (felfl in o per-
foroted-plote nose section.

Figure 2.- Detol/ of model construction.
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0./ inch
● @

*%-. —... t

,,,
,.. = ,, Q.- -.

Perforatedplate1
.

.

,.

Sinteredsteel
—.

(materia15,tableII)
— ——.-.———

1

.:’ ..-,. I

.m
u

..

Filterpaper,ref.1 (material7,tableII) T

(c)Surfacemateriala1,5, and7. Magnificationratiois21X.
\

Figure3.–Concluded. .

—
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.

.

400

I

o No bucking
Backd by /%/. C/Oih
A O./50inch thickess
n 0.508N “

‘/ 5 /0 50

0 No bucking
Backedby felt
A- 0./50inch,
❑ 0.508 N

cloth
thickness

a

/ 5 /0 50
Suction-ok velocity, ~ fps

(u) Perforated plute /. {b) Surface material
Sti8~

5: sintered

Figure4.- F/ow resisitam9 at the start of the tests of the porous
moterhk used
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~W1.6

1.4

r
n

Qu,deg i “ .- ,U
o /5 T -1
A QJ c I f~ m
D 2 I A---~I Im----laI

o- --- ‘0 J

04 8 /2 16 20 24 28 32 36 40
Section flow coefficient, co

(a) Constant angle of attack.

4 8 12 16

Section angle of oftack, aU, deg

32

, 28

2 8

‘%

I 4

0
0

x 10-4

Percent chord

(b) Constont suction velocity. (c) %ction-velocity d.iwlribution,aU=16?

FiWre 10.- Lift ond flow charactenktics of the mod?l with pedorakd PIoA?/ ond
permeobififyarrangementA. UO=162 @s.
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1.8 * a
M 4A A au, deg
I 0 /5

~- 1.6 0 d -0 AI 1
I ~ J J n !?

1.4 c--
0 4 8 12 /6 20 24 28 32 36 40x /0-4

Section flow coef?$cienf,co

(a) Comfant angle of attack.

32

28

24

2 8

I 4

0
0

co

o 0.00/66
A .00138
❑ .00108

Y ‘
/

A
—

~
d / -
Ji- / f
& m

I 23 4

Section angle of aftack, au, deg Percent chord

(b) Constont suction velocity. (c) Suction-velocity tfitiributlon, CU=16?

Figure IL - Lift md flow chamcferitiiksof fhe model wi’?hperforated pbte I and
permeabilityarrangementB. UO=162fp.
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attack.
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0 I 234
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(c) Suction-velocity ditiribution, aU=16?

Fi~re A?- tiff oti flow cboracteritiicsof the model with perforated plate I und
permeolv~fyarrongmenf G L&162 +s.
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attack.
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(c) suction-velocity ditiributlon, CU=16?

Figwe 13.- Lift & flow characteristicsof fhe model with perforated @ate I and
pwmeabifify wrangemmt R ~ =162 fw.
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(C) Suction-veiociiy ditiribution, cu=16~

Figure /4- Lift ond I%w chorocterisficsof the modd wf?hperforated @te i ond
~meobility arrangementE. UO=162 fps.
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